Abstract-We propose an improved method of iterative physical optics (IPO) to analyze electromagnetic scattering by open-ended cavities.
INTRODUCTION
The radar cross section (RCS) is a fictitious area of a target from the viewpoint of the radar and generally proportional to the target's size, but an open-ended cavity usually has an RCS greater than its size. Therefore, analysis of an open-ended cavity structure has significant applications. For example, it is a prerequisite to design a combat plane having low RCS values.
Numerical techniques developed to analyze an open-ended cavity include low-frequency methods, such as the method of moments (MoM) [1, 2] , finite element method (FEM) [3, 4] , and finite different time domain (FDTD) [5] [6] [7] , and high-frequency methods, such as geometrical optics (GO) [8, 9] , geometrical theory of diffraction (GTD) [10] , physical optics (PO) [11, 12] , and the physical theory of diffraction (PTD) [13, 14] . Low-frequency methods solve Maxwell's equations with no implicit approximations and are typically limited to objects of small electrical size due to limitations of computation time and system memory. High-frequency methods invoke many approximations to make the equations of scattering problems tractable; therefore, these methods have an advantage over low-frequency methods when calculating RCS of objects that are electrically large [15] . Among them, shooting and bouncing rays (SBR) has been introduced [16] [17] [18] to account for multiple reflections in a partiallyopen cavity. An open-ended cavity can be analyzed efficiently using SBR, but it has a fundamental error because it is based on the rays at far fields [8] . Iterative physical optics (IPO) [19] [20] [21] also has been developed to analyze the scattering by the cavities with many multiple reflections. The IPO method calculates the unknown currents using the magnetic field integral equation (MFIE). The equation is solved iteratively starting with the initial current value, i.e., PO current. The number N of iterations required for convergence is fixed and is proportional to the expected number of important reflections [19] . The adaptive iterative physical optics-change rate (AIPO-CR) [22, 23] method does not set N in advance but determines it adaptively by analyzing the change rate (CR) of the current energy of all facets. The AIPO-CR method improves the accuracy of the solution but it has the disadvantage that the calculation time increases with the incident angle θ, because the number of multiple reflections in the cavity increases.
The method proposed in this paper, iterative physical opticsretained previous solution (IPO-RPS), improves both IPO and AIPO-CR methods by using a new initial guess based on the assumption that the value of the current does not vary greatly with θ in smooth structures [24] . Therefore, the value of the current calculated in the previous incident angle can be reused as the initial current for iterations in the subsequent incident angle. When calculating the monostatic RCS of various cavities, the proposed method is faster than both the IPO and AIPO-CR methods. The proposed method is also applicable even for rough structures by adaptive use of the new initial guess and the traditional one, i.e., PO current.
The remainder of this paper is organized as follows. Section 2 presents the numerical methods considered here to involve IPO, AIPO-CR, and IPO-RPS. Section 3 describes simulation results to show improved accuracy compared to the IPO method and enhanced efficiency compared to both the IPO and AIPO-CR methods. Section 4 contains conclusions.
NUMERICAL METHODS

IPO
A formulation based on the high frequency asymptotic principles of PO was developed to analyze the scattering by arbitrary open-ended cavities [19] . First, it obtains equivalent currents induced in the aperture by the incident field, and then calculates the magnetic field on the cavity using the equivalent currents. From information about the magnetic field, the currents on the interior cavity walls are obtained iteratively using the MFIE [19] :
where n is the iteration number, N the fixed maximum number of iterations, m is the index of incident angle, M the maximum number of incident angles considered,J n θ m (r c ) andH(r c ) the surface current and the magnetic field on the facet that includesr c , respectively,n the unit normal vector of the facet, G 0 (R) the Green function in free space, k the wavenumber, and time dependence e jωt assumed. In Eq.
(1), the initial current valueJ 0 θ m (r c ) on the right-hand side to calculate the first currentsJ 1 θm (r c ) on the left-hand side is [19] .
In the IPO method, N is chosen in advance by roughly estimating of the number of important internal reflections for the incident angle region of interests, and the PO current in Eq. (3) is used as the initial currentJ 0 θm (r c ) of iterations in Eq. (1) for each θ m . Because N is fixed, it does not change as θ m of the incident field increases.
AIPO-CR
The recently-introduced AIPO-CR method improves the accuracy of the IPO method by using a variable number of iterations. The number N (m) of iterations for each θ m is determined if CR(n) between the (n − 1)th current energy sum E(J n−1 θm ) and the nth current energy sum E(J n θm ) of all facets is less than a predetermined threshold value. N (m) in the AIPO-CR method changes with θ m of the incident field. CR(n) is given by [22] :
where i is the index of the facet, J n d (i) the nth surface current in the ddirection on the ith facet (d: x, y, z ), and CR(n) the nth change rate. J n θm matches the solution if 3% ≤ CR(n) ≤ 5% [22, 23] . The AIPO-CR method improves the accuracy of the IPO solution as θ m increases, because the method uses an adaptive number of iterations N (m) for convergence, rather than the fixed N used in IPO. However, this method has a demerit that N (m) (e.g., computation time) increases with θ m .
IPO-RPS
The IPO-RPS method (Fig. 1) determines N (m) in the same way as does the AIPO-CR method, but improves the estimation efficiency by using a new initial estimate that is based on information calculated at previous incident angle θ m−1 . As in AIPO-CR, convergence is assumed if 3% ≤ CR ≤ 5% [22, 23] . The criterion that the solution does not converge resulting from the poor initial value can be determined by the difference between N (m-1 ) and n. The difference α can be any integer larger than 1, because the number of iterations required inside the cavity increases with θ.
If the magnitude of excitation source is slightly changed (for example, due to a slight change of θ m ), N can be reduced by reusing the previous solution as the initial guess [1, 24] . This process is based upon the assumption that the structure is smooth. If the structure is smooth, the induced current on the structure does not vary greatly with θ m . Therefore, the currentJ Note that an iterative method has different convergence speeds depending on how close the initial value is to the true solution. When using this initial guess, CR(n) decreases to a value less than the threshold value within fewer iterations than required in the AIPO-CR method, because IPO-RPS makes use of better initial current estimate than do IPO and AIPO-CR. For this new initial guess to be valid, the surfaces of the structure analyzed must change smoothly. However, the IPO-RPS method can also be applied to structures in which the surfaces change abruptly. In that case, IPO-RPS may not converge to the solution within the predetermined maximum number of iterations N (m − 1) + α. Therefore, IPO-RPS method rejects the new initial guess (Eq. (7b)), reinitializes the iterations using the traditional PO current (Eq. (7d)) as the initial value.
SIMULATION MODELS AND RESULTS
Models
In an open-ended cavity (Fig. 2) ,n is the outward unit normal vector of the aperture,k the unit wave vector, and θ the incident angle. RCSs at a frequency of 10 GHz were calculated for cylindrical and rectangular cavities. The cylindrical cavities had diameter 4λ, where λ is the wavelength of the incident field, and rectangular cavities had cross-section 4λ × 4λ. For both cavities, the short length was 4λ and the long length was 10λ. To apply the IPO method, the aperture size of a cavity must be electrically large [19] ; the cavities in this simulation satisfied this condition. The surface of the rectangular cavity had four sharp edges and was chosen to verify that the IPO-RPS method can overcome the basic assumption of smooth-surface geometry. In this simulation, CR = 3% and α = 2 because N (m) does not increase drastically but increases gradually for each θ m .
Results
Monostatic RCSs were obtained using IPO-RPS for all structures and were compared with results obtained using IPO, AIPO-CR, and FEKO [25] (Figs. 3-6 ). The total scattering fieldsĒ s were obtained as the sum of the fields scattered by the inner cavity wallĒ s i and by the outer cavity wallĒ s o . The scattering fields calculated by IPO type (IPO and its variants AIPO-CR and IPO-RPS) involved onlyĒ s i , whereas the scattering fields calculated by FEKO involved bothĒ s i andĒ s o , so results obtained using methods based on IPO (RCS IPO type ) and FEKO (RCS FEKO ) were represented by:
whereĒ i is the incident electric field. φ polarization andθ polarization stand for each direction of electric field in a spherical coordinate system, and co-polarization was assumed in this paper. The results for the short cylindrical cavity (Fig. 3) differ from those for the long cylindrical cavity (Fig. 4) . For the long cylindrical cavity, N is insufficient, so the accuracy of IPO degrades as θ increases. Increasing the N of IPO yields a more accurate result but causes unnecessary time waste for incident angles at which the number of multiple reflections inside the cavity is relatively small. This problem can be circumvented by AIPO-CR using variable N , but it takes much computation time due to its poor initial guess of current, i.e., PO current. Compared to AIPO-CR, IPO-RPS with new initial guess converges to solution within much smaller N , but has similar accuracy due to the use of same convergence check criterion in Eq. (5) (Figs. 3, 4) . The reduction in the maximum number of required iterations proposed IPO-RPS compared to AIPO-CR becomes more obvious as the cavity length increases. N (1 ) for the first incident angle θ 1 of both AIPO-CR and IPO-RPS was the same due to the use of same initial value (PO current, Eq. (7d)) to find the solution. The FEKO results become slightly different from other results as the incident angle increases because the effect of the outer cavity wall dominates at large θ. Results for the short (Fig. 5) and long ( Fig. 6 ) rectangular cavities show trends similar to those observe in short (Fig. 3) and long (Fig. 4) cylindrical cavities. In Figs. 5 and 6, N (m) for IPO-RPS is the same as that of AIPO-CR at certain θ values. At these angles, the solution of IPO-RPS does not converge due to use of a poor initial value, so IPO-RPS was reinitialized and then applied PO current in Eq. (7d) to the initial solution of Eq. (7a). In this way, IPO-RPS is applicable not only to smooth objects but also to objects with sharp edges like rectangular cavities. Compared to AIPO-CR, IPO-RPS has comparable accuracy but requires fewer iterations (Figs. 3-6 ). Table 1 shows the resources request according to the methods and polarization of incident field in this simulation.
CONCLUSIONS
In this paper, a new approach for analyzing open-ended cavities, called IPO-RPS, has been proposed to address the drawbacks of both the traditional IPO and AIPO-CR methods. The IPO method operates with a fixed number of maximum iterations N . Therefore, for small N , its RCS prediction accuracy degrades at low computational cost, whereas for large N , its accuracy increases at high computational cost. The AIPO-CR method can improve the accuracy of the IPO solution by adaptively adjusting N for each incident angle θ m , but requires more computation time than IPO. The proposed IPO-RPS method exploits the final current obtained at θ m−1 as the initial current for θ m (m ≥ 2). Simulation results show that compared to AIPO-CR, IPO-RPS is much faster, while maintaining comparable RCS prediction accuracy. In addition, the IPO-RPS method can be applied not only to smooth objects, but also to objects with sharp discontinuities. This results from the fact that the IPO-RPS method has a special mechanism to adaptively change its initial current between the final solution at previous incident angle θ m−1 and traditional PO current. The efficiency of IPO-RPS method becomes more pronounced for longer cavities having a large number of internal reflections.
